Abstract -The self-replication of suitable single-stranded RNA molecules by the enzyme Q13-replicase offers the possibility of generating optimized molecular phenotypes by controlled molecular evolution. In order to develop an experimental procedure for testing the potential of such evolutionary molecular engineering it is necessary to understand the reaction kinetics of the replication process and of competition among different self-replicating RNAs.
INTRODUCTION
The study of molecular evolution in vitro requires a self-replication system that is chemically simple enough to be understood and stable enough to allow experimentation under readily controlled conditions.
The most suitable laboratory self-replication system found so far utilizes the replication of single-stranded RNA by the replication enzyme of the coliphage Qf3. (1) This four-subunit enzyme, only one subunit of which is actually coded for by the Qf3 virus itself, can be prepared in adequate amounts in very pure form, is relatively stable, and proves to accept quite a number of RNA templates other than the viral RNA itself.
Some of these, investigated in detail by Spiegelman been established by the traditional methods of molecular biology (1) and subjected to a detailed chemical kinetics analysis. (6, 7) In this paper we summarize the results of the kinetics analysis and use them to describe a possible application of this self-replicative system for a new type of evolutionary biomolecular engineering.
MECHANISM OF RNA SELF-REPLICATION
The process of self-replication catalysed by Qf3 replicase is shown in For in vitro experiments, however, the amount of enzyme can be controlled, and the RNA concentrations then grow with time in a manner that depends only on the rate constants of the important steps of the replication process.
While there are very many individual elementary steps in the replication chemistry, extensive computer simulation studies confirmed that the essential kinetic behaviour can be understood by condensing the mechanism to the four steps shown for each of the complementary cycles in Fig. 2 . The RNA molecules are symbolized here as I (for information carrier), the replicase enzyme by E. Formation of the initial complex El leads after formation of the first phosphodiester bond to the first of the replication complexes IEPk. These are then elongated by further instructed addition of nucleoside triphosphates (S) to give the final replication complex IEP, which quickly loses the replica n (the I for the complementary cycle) to form the inactive complex IE in which the template molecule is bound at its 5' end.
Reactivation of the replication complex, shown here as a single step, is a slow step that has been shown to involve dissociation of the 5'-bound template and then reassociation. Insight into the interactions among the various parts of the replication process can be gained by numerical integration of the kinetic equations for a very detailed description of the reaction, including each elementary reaction separately and using rate constants consistent with all experimental information that is available. Such a computer experiment is illustrated in The exponential and linear growth phases can be followed in the laboratory by radioactive labelling of one or more of the nucleoside triphosphate monomers and measuring the radioactivity of the product after suitable separations. An example is shown in Fig. 5 . The possibility of double strand formation has important implications for the outcome of the competition that ensues when more than one template is present in the incubation mixture. If double strand formation occurs only between the complementary partners, then it is possible for a coexistence to arise where both competitors share the enzyme and generate double strand in a constant ratio. If double strand can form between the two competitors also, then the stronger competitor drives the concentration of the weaker one to zero. A simulation illustrating this behaviour is presented in Fig. 7 .
The final experimental aspect that will concern us in this paper is the kinetic analysis of the !xo RNA synthesis process.
When template-free RNA synthesis was first observed, it was assumed that it resulted from evolutionary processes originating with impurity RNA carried from the replicase preparations. This was shown not to be the case by analysing the dependence of the phenomenon upon the concentrations of enzyme and
substrate. An example of de novo RNA synthesis profiles is shown in Fig. 8 . The variability within each group shows that initiation of py synthesis depends on random molecular events.
The concentration dependence shows that the initiation process involves participation of several monomer molecules, which is not the case for template-instructed kinetics. (After Ref. 5) As important additional processes one has the inhibition of replication at high RNA concentrations by binding of RNA to the replica site (the reverse reaction of template release) and the formation of double stranded RNA from the initially formed single strands. Depending on the rate constant for double strand formation, the rate of single strand production eventually drops off to zero. The consequences of this mechanism for the synthesis profiles depend on the ratio of RNA to enzyme concentrations and upon the absolute value of the RNA concentration. At low RNA to enzyme ratios the RNA concentrations, both free and bound, grow exponentially in an autocatalytic 
ANALYSIS OF REPLICATION KINETICS
In order to analyse the time evolution of the RNA concentration in an j vitr replication experiment the process shown in Fig. 2 must be expressed in the language of chemical kinetics by formulation of the corresponding set of kinetic equations. In the formal mechanism shown in Fig. 2 there are four steps for each cycle -initiation of replication (formation of the 3'-bound enzyme-template complex), elongation of the replica strand, release of the replica from the replication complex, and reactivation of the enzyme by release of the template. The detailed kinetic analysis (6,7) confirmed that replica release is so fast compared to the other steps that it can be combined with the elongation process to give a three step reaction mechanism, written in chemical equations as kA3,
E+I
In these equations the prefixed subscripts denote replication complexes with the template RNA (I) located at the first and n-th locations from the 3'-end and I' denotes the replica RNA.
As template binding is essentially irreversible, its rate constant kA3, characterizes the rate of initiation of replication. The single rate constant kE characterizes the long sequence of steps in elongation and release of the replica strand, and k5. is the rate constant for the dissociation reaction of the 5'-bound template.
It is found experimentally that for most templates the rate constants for the complementary strands are about the same. This permits an important simplification of the kinetic equations, for then the two species I and I' can be considered the same and we can deal with four kinetic equations (for I, E, 1IE and n1 rather than with seven (adding equations for I', 1I'E and If double strand formation is to be included, then a kinetic equation for the reaction kds I + I ---> 12 must be added as well.
The full set of differential equations to be considered is then 
The enzyme concentration dependence is nearly linear on a Lineweaver-Burke plot, with an enzyme concentration at which the growth constant is half of its maximum value given by hE 11 ÷ 2(kD5,/kE)1"2 While the classic forms of steady-state and dynamic enzyme catalysis consider three fundamentally different species types -enzyme, substrate, and product -in their time evolution, the instructed synthesis of replication forces both the enzyme and the template into catalytic roles.
Since the RNA acts both as catalyst and as reaction product, essentially new kinetic forms arise, giving autocatalytic behavior when a single RNA template is present and a broad variety of different forms of competition and selection when two or more are present.
The course of the molecular evolution does depend on the contraints imposed by selection of conditionswhether the system is closed or open (either as a flow reactor or in serial dilution experiments), whether the RNA concentration is high enough for double strand formation to occur, whether selection pressure is imposed by the environmental conditions such as salt concentration or intercalating species such as ethidium bromide that affect the stabilities of tertiary RNA structures.
For our further development here the exact course that competition and selection take is not important. What is important is to recognize that Qf.3 replicase provides a laboratory experiment in which the process of self-replication occurs in a way that is quantitatively understandable and can be utilized to study the process of molecular evolut ion.
We turn now to the application of RNA replication for the study of molecular evolution in a controlled manner.
EVOLUTION REACTOR
One of the key developments in the history of mathematics was the proposal by Alan Turing in 1936 of a computing machine for finding the values of mathematical functions. Today his ideas are often cited as forerunners of the concepts behind modern digital computers. Actually, Turing's intentions were entirely different. His computing machine was designed to test a specific mathematical hypothesis, namely whether any given mathematical function is computable in a finite number of operations. It did to be sure take the form of a real machine, with a moving tape that could be used to record information generated by the machine, and in this respect there a many analogies to modern digital computers. Turing's purpose, however, was to test a principle, not to design a computer. In this respect one sees a close resemblance between Turing's computing machine and the Carnot engine which was utilized as a working concept in the 19th century to develop the theory of heat engines, and is well known today as a pedagogical device for explaining the equations of thermodynamics to university students.
No one would set out to build a heat engine using the sequence of steps comprising the Carnot cycle, but at the same time no introductory textbook on thermodynamics sets out to develop the equations describing the fraction of heat that can be converted to work without the Carnot cycle. Turing's computing machine and Carnot's heat engine both have as their main purpose the clear formulation of basic abstract concepts.
The idea of a machine to test biological concepts was already proposed in 1966 by von Neumann. (12) This was well before there was a clear picture of the biochemical basis of genetics, however, and now we can formulate an appropriate machine much more concretely, even to the point of realizing it in the laboratory. Our task can be formulated in three central theses - If the basic concepts addressed by the Turing and Carnot machines are 'computability' and 'efficiency', then the concept addressed by the analogous machine of biology is 'optimizability', or more precisely the 'functional optimizability of complex structures'. Darwin's insights show us that the basis of optimization is self-reproduction.
Self-reproduction leads to selection, selection under a finite mutation rate leads to evolution, and evolution leads to the optimal structure.
The Darwinian principle of selection implies that a correlation exists between a population space -survival expressing itself in relative population numbers -and a value space in which individual sequences are rated according to their stability and replicability. Of course, it is upon the quantitative nature of this correlation that the concept of the machine must be based. This quantitative relationship has been developed in a number of studies, with quite unexpected results. Contrary to the general belief that selection is deterministic only after appearance of some advantageous mutant, which upon its appearance begins to grow exponentially in population, it was found that the very appearance of successful mutants is guided b1 the topology of the value space throuLh the topology of the population space. This is to say that the successful mutant usually reveals itself as an offspring of a chain of precursor mutants that provide a 'ridge' connection between the peak (in both value and population space) of the current wild type and the new (higher) peak of the advantageous mutant. In this procedure the evolving property is required to be expressed in the replication rates, through which selection of the self-replicating entity is effected.
If one wants to optimize a single protein molecule with a particular (enzymic) property, then this phenotypic advantage has to contribute to the selection value of its genotype, otherwise selection is not possible. While in nature the feedback from phenotype to genotype is effected through the survivability and replication efficiency of the whole organism, such a procedure will not work for isolated genes, because phenotypic advantages of the translation products do not express themselves in terms of replication rates of these specific genes. Artificial selection of isolated products is still possible, however, by using a screening test for the desired property. (An analogy would be the screening test that an agronomist might use to breed strawberries that ripen particularly late in the season.) Such a test would require cloning of single mutants and screening all the clones in order to identify advantageous mutants. Locating an advantageous mutant directly by such a test probably could not be compressed to a laboratory time scale even if the dimension scale could be attained. The theory suggests, however, that artificial selection may be fast if it is guided along ridges between value peaks, as in natural selection. Hence the alternative method of designing a molecular evolution machine is to establish the value landscape of the mutant spectrum rather than looking for advantageous mutants. In order to do this practically one must know the mutation distances within the mutant spectrum. The average mutant distances can be established only if the mutant spectrum is produced through a hierarchical, serial cloning procedure to provide tree-like Many additional questions present themselves when one faces the practical challenge of constructing a machine to execute this procedure. In view of the large numbers of clones and the multiplicity of iterations, it is obvious that automatic operation is required. The clones have to be addressable, the analytical methods must combine parallel processing and automatic sampling with sensitivity and speed. With such elaboration and scale, experimental biology might well become 'Big Science'. Which ought not to be surprizing, as the underlying physical problem of biology is indeed 'complexity and its reproducibility'.
